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Stress signaling pathwayThe centrosome/basal body protein ODF2/Cenexin is necessary for the formation of the primary cilium. Primary
cilia are essential organelles that sense and transduce environmental signals. Primary cilia are therefore critical
for embryonic and postnatal development as well as for tissue homeostasis in adulthood. Impaired function of
primary cilia causes severe human diseases. ODF2 deﬁciency prevents formation of the primary cilium and is
embryonically lethal. To explore the regulation of primary cilia formation we analyzed the promoter region of
Odf2 and its transcriptional activity. In cycling cells, Odf2 transcription is depressed but becomes up-regulated
in quiescent cells. Low transcriptional activity is mediated by sequences located upstream from the basal pro-
moter, and neither transcription factors with predicted binding sites in the Odf2 promoter nor Rfx3 or Foxj,
which are known to control ciliary gene expression, could activate Odf2 transcription. However, co-expression
of either C/EBPα, c-Jun or c-Jun and its regulator MEKK1 enhances Odf2 transcription in cycling cells. Our results
provide the ﬁrst analysis of transcriptional regulation of a ciliary gene. Furthermore, we suggest that transcrip-
tion of even more ciliary genes is largely inhibited in cycling cells but could be activated by cell cycle arrest
and by the stress signaling JNK pathway.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
ODF2 is an essential component of vertebrate cells. Homozygous
mice with a gene trap insertion in exon 9 of the Odf2 gene that results
in truncation of the protein are embryonic lethal [1]. A functional
ODF2 protein is hence crucial for embryonic development to proceed.
ODF2 was ﬁrst identiﬁed as a major component of the outer dense
ﬁbers of the mammalian sperm tail, which are prominent cytoskeletal
structures [2–5]. In somatic cells, ODF2 is an essential component of
the centrosome and the basal body [6–9]. Due to extensive alternative
splicing diverse protein isoforms of ODF2 exist [2]. The protein
isoform Cenexin is characterized by a 42 amino acid insertion in the
N-terminal region that is largely encoded by exon 3b. This “Cenexin
insertion” is necessary for targeting ODF2/Cenexin to the centrosome
and the basal body [10,11]. Centrosomes, basal bodies and primary
cilia are microtubule-based structures, and ODF2 associates withniversitätsmedizin, Department
-Str. 40, Göttingen, Germany.
inik II, Cardiovasculare Genetics,
sical Chemistry, Am Fassberg,
l rights reserved.microtubules [11,12]. Moreover, as shown in F9 cells formation of pri-
mary cilia essentially depends on the presence of ODF2 [13].
Primary cilia are solitary organelles found on virtually all verte-
brate cells [14]. They protrude from the cell surface and execute sen-
sory functions. For instance, the hedgehog pathway essentially
depends on primary cilia [15–21]. Primary cilia are therefore pivotal
for embryonic and postnatal development and tissue homeostasis in
adulthood, and their disturbance causes severe human diseases, the
so-called ciliopathies [22–25]. Each cilium is anchored in the cell by
its basal body. The basal body locates at the cell surface underneath
the cell membrane. Formation of the ciliary shaft is initiated at the
distal end of the basal body, which itself originates from the mother
centriole. Basal bodies and centrioles are thus structurally related
and can be transformed into each other. Centrioles are generally
found in a pairwise association in cycling animal cells. They are
surrounded by a halo of pericentriolar material (PCM) to which
γ-tubulin complexes are recruited [26–28]. A pair of centrioles with
its associated PCM constitutes the centrosome that is the main micro-
tubule organizing center (MTOC) of animal cells. In mitotic cells the
centrosome plays a central role in organizing the mitotic spindle to
separate chromosomes [29]. The centrosome and its pair of centrioles
are duplicated once in a single cell cycle. Duplication occurs syn-
chronously with the cell cycle and starts with the formation of
procentrioles at the proximal ends of both centrioles of a centrosome
in S-phase [30–32]. Elongation of procentrioles and assembly of PCM
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somes each consisting of a pair of centrioles and its associated PCM.
Based on this conservative centriole duplication each centrosome
consists of one older centriole generated at least one cell cycle before,
which is the mature or mother centriole, and one younger centriole,
the daughter centriole. Mother and daughter centrioles differ not
only in age but also in structure, protein composition, and function.
The mother centriole is characterized by the presence of distal and
subdistal appendages, and it is the mother centriole exclusively that
can be transformed into a basal body to grow a cilium. Both append-
ages are therefore present on the mother centriole as well as on the
basal body (reviewed in: [33]). ODF2/Cenexin speciﬁcally locates to
the subdistal appendages and initiation of ciliogenesis depends on a
crucial amount of ODF2 present [7,34].
Although primary cilia have already been found in proliferating
cells the percentage of ciliated cells increases in G0-phase arrested
cells [14,35–40]. Therefore, medium with reduced serum concen-
tration (serum starvation medium) is generally used to induce
ciliogenesis in cultured cells [39]. However, it remains unclear whether
serum reduction induces ciliogenesis by driving the cells into G0-phase
or if deprivation of inhibitory factors causes ciliogenesis. Though abro-
gation of signaling pathways may be involved in ciliogenesis since inhi-
bition of PI3K- and MAPK-pathways promotes primary cilia formation
in some cell lines [41]. In mammals, two transcription factor (TF) fami-
lies are known to be important players in controlling ciliary gene
expression. These are the FOXJ1 (forkhead box J1) and RFX (regulatory
factor X) TF families that fulﬁll complementary and synergistic
functions in regulating ciliary gene expression (for review see: [42]).
Whereas FOXJ1 regulates genes speciﬁc for motile cilia or necessary
for basal body apical transport, RFX TFs are essential for the assembly
of primary and motile cilia in metazoans by regulating genes involved
in intraﬂagellar transport [43–48]. RFX3 speciﬁcally is necessary for
the growth of primary cilia in the embryonic node and in the endocrine
pancreas [49–51].
To explore the regulation of primary cilia formation we analyzed
the promoter region of Odf2 and its transcriptional activity. Transcrip-
tion of Odf2 in cycling cells is generally very low. But we found by
qRT-PCR and reporter gene assays that transcription of Odf2 is
up-regulated in quiescent cells. We additionally demonstrate that
~2 kb of the promoter region is sufﬁcient to drive transcription of
Odf2 in the same manner as the endogenous gene. Low transcrip-
tional activity in cycling cells is mediated by sequences located up-
stream of the basal promoter and omitting these sequences strongly
increased promoter activity. Although several transcription factor
binding sites have been predicted in the Odf2 promoter we could
not observe activation of the promoter by those TFs. Additionally,
transcription factors RFX3 and FOXJ that are known to regulate ciliary
genes did not affect Odf2 transcription. However, co-expression of
either C/EBPα, c-Jun or c-Jun and its regulator MEKK enhances Odf2
transcription in cycling cells. Our results thus suggest that transcrip-
tion of even more ciliary genes is inhibited in cycling cells but could
be activated by cell cycle arrest and by the stress signaling JNK
pathway.
2. Materials and methods
2.1. Immunocytochemistry
NIH3T3 and HEK293 cells were cultured in Dulbecco's modiﬁed
Eagle's medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 20 mM L-glutamine, 1000 U/ml penicillin, and 1000 μg/ml
streptomycin at 5% CO2 and 37 °C. Cells were grown on cover slips and
optionally transfected using Transfectin reagent (BioRad) or Xtreme
HP (Roche). For immunological detection of endogenous ODF2 or of
γ-tubulin cells were ﬁxed in methanol and, after blocking unspeciﬁc
binding sites in PBT (phosphate buffered saline, PBS, at pH 7.5,containing 0.15% bovine serum albumin, 0.5% Triton X-100), incubated
with the primary antibody anti-ODF2 [2] and anti-γ-tubulin (GTU 88;
Sigma-Aldrich, St. Louis, USA), respectively. For detection of the primary
cilium cells were ﬁxed in 3.7% paraformaldehyde in PBS and incubated
with anti-acetylated-tubulin antibody (clone 6-11B-1; Sigma-Aldrich,
St. Louis, USA). Primary antibodies were detected with the secondary
antibodies anti-rabbit or anti-mouse IgG linked to Alexa 488 or
MFP590 (Molecular Probes, Eugene). DNA was counterstained with
DAPI. Images were taken by confocal microscopy (LSM 510, Zeiss), and
processed using Adobe Photoshop 5.0.
2.2. Cell culture and synchronization
For synchronization at G0 an exponentially growing cell culture
was kept in 10% serum-containing medium for 24 h after they
reached conﬂuence, followed by serum starvation (0.5% FCS in
DMEM) for 48 h. For cell cycle arrest at G2/M transition NIH3T3
cells were grown until they reached conﬂuence followed by treat-
ment with 400 ng/ml nocodazole for ~16 h. For G1/S boundary arrest
a sub-conﬂuent G0 arrested culture was generated ﬁrst. Approxi-
mately 18 h after seeding cells were washed twice in PBS and once
in DMEM containing 0.5% FCS to remove loosely attached, ﬂoating
cells and residual medium. Cells were then incubated in DMEM
supplemented with 0.5% FCS for 24 h. Subsequently, the medium
was changed to DMEM complete containing 5 μg/ml aphidicolin
and cells incubated for 16 h. Cell synchronization was monitored
by ﬂow-cytometry analysis of propidium iodide-stained cells (FACS
analysis).
2.3. Real time RT-PCR
Total RNA was prepared using peqGOLD RNAPure™ (PEQLAB,
Erlangen, Germany) and digested with RQ1 DNase. cDNA was gener-
ated from 0.5 μg of total RNA using RevertAid™ H Minus First Strand
cDNA Synthesis Kit (Fermentas) and oligo(dT)18 primer. Real time PCR
was performed on iCycler IQ PCR System (BioRad) with iQ SYBR Green
Supermix (BioRad) using cloned Odf2- and Hprt-fragments, respective-
ly, as standards for quantiﬁcation. Primer sequences for qRT-PCR analy-
sis are as follows: HPRT (mHPRT-for AGCCCCAAAATGGTTAAGGTTGC
and mHPRT-rev TTGCAGATTCAACTTGCGCTCAT), Odf2 (Odf2-for ACCA
TGAAGGACCGCTCTTC and Odf2-rev CGCACATTCACAGTGTCCCC). The
speciﬁcity of the SYBR Green assay was veriﬁed by melting curve anal-
yses. Overall, at least three independent qRT-PCR experiments were
performed, and each measurement was done in triplicate. The ratio be-
tween the amount of Odf2 transcripts and the amount of Hprt tran-
scripts in each cell cycle phase was calculated, and the value obtained
for the G0-phase was set as the base level (=1).
2.4. Generation of Odf2 promoter constructs
A fragment of about 2.2 kb, comprising 1.8 kb upstream of the tran-
scriptional start site and 358 bp of the transcribed region, was generat-
ed by EcoRI/ApaI double digestion of a genomic mouse Odf2 clone
(isolated from strain ola/129 and obtained from the Resource Centre
of the German Human Genome Project at the Max-Planck-Institute
for Molecular Genetics, Berlin) and cloned into pBluescript. The 3′
end of the fragment was then gradually shortened by ExoIII deletion.
Truncated promoter fragments were isolated by SacI/KpnI double
digestion and directionally cloned into pGL3 basic (Promega, Madison,
USA) yielding clones 2.2 (−1805/+358), 7.1 (−1805/−94), 7.6
(−1805/−1282), and 22.1 (−1805/−1368). Clones 1.5 (−797/+1),
#1 (−1675/+1), A1 (−797/+358) and 0.5 (−94/+255) were gener-
ated by PCR using the genomic clone as template and primer pairs p1
(cgagctcgcaagcagcagagatag)/p2 (tcccccgggccatttaggcccagcccccag), p3
(ctgtcgaccagaagggcagctaaggg)/p2, T3/Odf2PromSacI (cgagctcgcaagcagc
agagatag), and Odf2-94forSacI (Cgagctcgggcggtggacaggcctcg)/05Smarev
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Fig. 1. Real-time RT-PCR of Odf2 in synchronized NIH3T3 cells. Odf2 and Hprt transcript
levels were quantiﬁed by real-time RT-PCR and the Odf2–Hprt-transcript ratio calculated.
The value obtained for G0-arrested cells was set as the base level (=1), and the ratio
obtained for G1/S or G2/M arrested cells quoted as fold change. Real time RT-PCR revealed
that transcription of Odf2 is highest in G0-arrested cells.
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cloned directionally into pGL3basic. All promoter constructs were vali-
dated by sequencing. The Odf2 promoter region of clone #1 (−1675/
+1) was subcloned into promoter-less pEGFP-1 (Clontech, Palo Alto,
USA), and the EGFP coding region exchanged by the open reading
frame of 13.8NC fused to EGFP [11]. Afterwards, the coding region of
EGFP was exchanged by the coding region of destabilized EGFP
from vector pd2EGFP-N1 (Clontech, Palo Alto, USA) yielding clone
#1-13.8NC-d2EGFP. Finally, the promoter region was exchanged by
the promoter region of clone 2.2 that was ampliﬁed using primer pair
2.2f (gcactcgagtgagattatagctatgtac)/2.2r (cagaattccccaacgaggagcgggg)
yielding clone 2.2–13.8NC-d2EGFP.
2.5. Promoter analysis
The activity of promoter fragments was measured using the ﬁreﬂy
luciferase encoded by pGL3 basic as reporter. Each promoter construct
was co-transfected into NIH3T3 or HEK293 cells together with
phRL-SV40 (Promega,Madison, USA), whichwas used as internal con-
trol, and the luminescence measured 24 h later (Dual-Glo Luciferase
Assay System, Promega, USA) using Centro LB 960 luminometer
(Berthold Technologies, Germany). The ratio between the lumines-
cence of ﬁreﬂy luciferase and the luminescence of Renilla luciferase
(encoded by phRL-SV40) was calculated resulting in relative lumines-
cence. Each experiment was performed in triplicate and repeated
at least 3 times. Expression vector constructs for E2F1-5, Sp1,
Sp3, c-Myc, RFX3, FOXJ1, FOXO3A, C/EBPα, Fos were kindly provided
by Steven Brody (St. Louis), Matthias Dobbelstein (Göttingen),
Kristian Helin (Copenhagen), Walter Reith (Genf), and Guntram
Suske (Marburg), or were from addgene (Addgene plasmids 10914,
24213, 12550, 8966). Expression vector plasmids for c-Jun (pFA2-
c-Jun, aa 1–223) and MEKK1 (MAP3K1; pFC-MEKK, aa 380–672)
were from Stratagene (PathDetect c-Jun trans-Reporting System;
Stratagene, La Jolla, USA). MEK inhibitor U0126 (Enzo Life Sciences,
Germany) was dissolved in ethanol (ﬁnal concentration 2 mg/ml),
and used as 100 μM ﬁnal concentration in reporter gene assays.
3. Results
3.1. Up-regulation of Odf2 transcription in G0-phase
Exploration of cell-cycle dependent transcription of Odf2 in the
mouse ﬁbroblast cell line NIH3T3 was performed by qRT-PCR on
total RNA isolated from synchronized cells. NIH3T3 cells were syn-
chronized at G0-phase by serum starvation for 48 h, at G2/M-phase
of the cell cycle by nocodazole treatment for 16 h, and at G1/S bound-
ary by 16 h aphidicolin treatment of a G0-arrested cell culture. FACS
analyses of propidium iodide-stained cells conﬁrmed successful
synchronization at G1/S- or G2/M-phase (Fig. S1). G0 arrest was
conﬁrmed immunocytologically by the incidence of a primary cilium
(not shown). Quantiﬁcation of Odf2 transcripts was performed by
real-time RT-PCR (qRT-PCR) using cloned Odf2- and Hprt-fragments,
respectively, as standards. The ratio between the amount of Odf2
transcripts and the amount of Hprt transcripts in each cell cycle
phase was calculated, and the value obtained for the G0-phase was
set as the base level (fold change = 1). Our results showed compara-
ble Odf2 transcript levels in G1/S boundary synchronized cells, and in
G2/M-phase arrested cells (Fig. 1). However, in cells arrested in the
G0-phase the Odf2 transcript level is approximately twofold increased
compared to G1/S-phase and G2/M-phase arrested cells (Fig. 1).
The endogenous ODF2 protein could be detected throughout the
cell cycle. In G1-phase one single centrosome is present stressed by
a single ODF2 positive dot. In G2, the centrosome has already been
duplicated demonstrated by two ODF2 positive dots slightly apart
from each other, and in mitosis ODF2 locates to the spindle poles,
which are generated by the centrosome (Fig. 2 in red). The localizationof ODF2 to the basal body in G0-phase arrested cells has already been
demonstrated [9]. Co-staining for γ-tubulin validated the centrosome
(Fig. 2 in green).
3.2. Repression of the Odf2 promoter in cycling cells
Extensive alternative splicing of Odf2 transcripts resulted in vari-
ous isoforms including ODF2 and Cenexin [3,10]. However, tran-
scripts of all isoforms start either in exon 1 or in exon 2a (Fig. 3).
Speciﬁcally, all somatic transcripts isolated from mouse NIH3T3 cells
including the isoform Cenexin (and clone DH13.8) start in exon 1
[10]. The expected promoter region therefore seems to be upstream
of exon 2a and exon 1.
In silico analyses of Odf2 sequences upstream of the transcrip-
tional start site in exon 1 using ECR (http://ecrbrowser.dcode.org/),
TFSearch (http://www.cbrc.jp/research/db/TFSEARCH.html), and
ENCODE (http://genome.ucsc.edu/ENCODE/) predicted a huge num-
ber of putative transcription factor binding sites including E2F,
c-Myc, Sp1, and AP-1. In order to characterize the promoter region
in more detail, we generated a fragment of 2163 base pairs (bp)
that encompasses 1805 bp upstream of the transcriptional start site
(deﬁned as the transcriptional start of Odf2/1; Fig. 3) in addition to
358 bp downstream including the ﬁrst exon and the ﬁrst intron
(clone 2.2). Next, this upstream region was subdivided into several
shorter fragments yielding clones 7.1 (−1805/−94), 7.6 (−1805/
−1282), 22.1 (−1805/−1368), 1.5 (−797/+1), #1 (−1675/+1), A1
(−797/+358), and 0.5 (−94/+255). Only clones A1 and 0.5 contained
the transcribed exon 1 sequences (Fig. 4). All promoter fragments
were cloned directionally into promoter-less pGL3 basic and veriﬁed by
sequencing.
Promoter constructs were co-transfected with phRL-SV40, which
encodes Renilla luciferase driven by the SV40 promoter, into NIH3T3
or HEK293 cells, and luciferase activities measured 24 h later. The
ratios of ﬁreﬂy luciferase activity to Renilla luciferase activity were
calculated resulting in the relative luminescence. Promoter constructs
7.1 (−1805/−94), 7.6 (−1805/−1282), and 22.1 (−1805/−1368)
revealed almost no activity at all whereas promoter regions 1.5
(−797/+1) and #1 (−1675/+1) showed increased but much lower
activity than 2.2 (−1805/+358) (Fig. 5A). Since promoter construct
#1 (−1675/+1) is nearly identical to construct 7.1 (−1805/−94)
except for 130 bp missing at the most distal end and the presence of
94 bp immediately upstream of the transcription start site but other-
wise showed a much higher transcriptional activity than construct
7.1, we expected the basal promoter immediately upstream of the tran-
scriptional start in exon 1. Construct 1.5 (−797/+1) comprises 797 bp
immediately upstream of the transcriptional start site but misses
878 bp more distally that are otherwise present in #1. Since promoter
Fig. 2. Immunological detection of endogenous ODF2 during the NIH3T3 cell cycle. Anti ODF2 antibody (in red) and anti-γ-tubulin antibody (in green) highlight the centrosome in
G1 and G2 cells, and the spindle pole in metaphase (in red). Bars are of 5 μm or 10 μm.
1341N. Pletz et al. / Biochimica et Biophysica Acta 1833 (2013) 1338–13461.5 showed higher transcriptional activity than #1, we anticipated the
presence of repressor binding sites from−797 bp upstream. However,
promoter constructs A1 (−797/+358) and 0.5 (−94/+255) have a
much stronger transcriptional activity than 2.2 (−1805/+358) (fold
change = 1) with 0.5 revealing an approximate 2000 fold increase
and A1 a 108 fold increase (Fig. 5B). Therefore, sequences upstream
from the basal promoter seem to repress Odf2 transcription.
3.3. Transcriptional activity of the Odf2 promoter 2.2 during the cell cycle
We then investigated whether 1.8 kb upstream of the transcrip-
tional start site are sufﬁcient to regulate transcription of Odf2 cell
cycle dependent. The reporter vector encoding ﬁreﬂy luciferase driv-
en by the Odf2 promoter 2.2 (−1805/+358) was co-transfected with
the control vector phRL-SV40 into synchronized NIH3T3 cells. Lucifer-
ase activities were measured 24 h post-transfection and the relative
luminescences calculated. As internal reference we co-transfected
the vector pGL3 control, in which transcription of ﬁreﬂy luciferase is
under the control of the SV40 promoter, together with phRL-SV40
into synchronized cells. This experiment served as control, to whichthe activity of the Odf2 promoter in each cell cycle phase was related.
Our data showed that the Odf2 promoter construct 2.2 has a similar
cell cycle dependent activation proﬁle as the endogenous Odf2 gene
with highest transcriptional activation during G0-phase (Fig. 6). Cyto-
logically Odf2 promoter (2.2) driven expression of ODF2 fused to
destabilized GFP (construct 2.2–13.8NC-d2EGFP) could be detected
at the centrosome in G1/S-phase synchronized cells as well as at
the basal body and the primary cilium in G0-phase arrested cells
(Fig. 7). The centrosome was visualized by anti-γ-tubulin staining,
and the basal body and the primary cilium by detection of acetylated
tubulin (Fig. 7).
3.4. Transcriptional activation of Odf2 by C/EBPα and by the stress
response signaling pathway (JNK)
Although binding sites of several transcription factors have been
predicted in the Odf2 promoter by in silico search most TFs did not
activate the promoter. Luciferase assays were performed using Odf2
promoter construct 2.2 (−1805/+358) co-transfected with expres-
sion vectors encoding either E2F1, E2F2, E2F3, c-Myc, Sp1, Sp3
Fig. 3. Transcriptional start sites of Odf2. The exon–intron structure of the N-terminal
region of the Odf2 gene from Mus musculus is shown on top. Translation start codons
are asterisked. For the testicular Odf2/1 as well as for all transcripts isolated from mouse
NIH3T3 cells (DH13.8 and “Cenexin”) transcription starts in exon 1. The sole exception
up to now is the transcript of testicular Odf2/2 that starts in exon 2a. Transcription starts
are marked by arrows. The term “Cenexin” is used here to indicate those transcripts com-
prising exon 3b encoding the Cenexin-insertion [10].
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Fig. 5. Activity of Odf2 promoter constructs in exponentially growing NIH3T3 cells.
A) Activity of Odf2 promoter constructs 2.2 (−1805/+358), 7.1 (−1805/−94), 7.6
(−1805/−1282), 22.1 (−1805/−1368), 1.5 (−797/+1), and #1 (−1675/+1) in
NIH3T3 cells. B) Activity of Odf2 promoter constructs 2.2 (−1805/+358), A1 (−797/
+358), and 0.5 (−94/+255). Transcription of the reporter gene ﬁreﬂy luciferase was
driven by Odf2 promoter constructs. Constructs were transfected into NIH3T3 cells in con-
junctionwith the control vector phRL-SV40. Luciferase activities weremeasured 24 h later.
The ratios ﬁreﬂy luciferase activity/Renilla luciferase activity were calculated resulting in
the relative luminescence. Standard deviations are included.
1342 N. Pletz et al. / Biochimica et Biophysica Acta 1833 (2013) 1338–1346(Fig. S2), E2F4, E2F5, FOXO3A (not shown), RFX3 or FOXJ1 (Fig. S3)
but none activated the Odf2 promoter. However, our results have
shown that the endogenous Odf2 promoter as well as the reporter
construct 2.2 are both transcriptionally activated in quiescent cells.
Moreover, two AP-1 binding sites were predicted in the Odf2 pro-
moter, one in the basal promoter region up to −94 bp and a second
at approximately −1330 bp (Fig. 4 asterisks). Reporter gene assays
performed in cycling cells using the Odf2 promoter construct 2.2
revealed that co-expression of MEKK1 (MAP3K1) did not activate
the promoter whereas co-expression of c-Jun resulted in a transcrip-
tional increase of ~50%. Furthermore, co-expression of both MEKK1
and c-Jun strongly increased the promoter activity (~2 fold) whereas
co-expression of c-Fos had no obvious impact on promoter activity.
Addition of the small molecule inhibitor U0126 reduced the Odf2 pro-
moter activity to less than 50%. Besides we identiﬁed C/EBPα as a
transcriptional activator of Odf2 (Fig. 8).Fig. 4. Promoter constructs used for reporter gene assays. Construct 2.2 comprises
1805 bp upstream of exon 1 in addition to exon 1 (E1) and intron 1 (I1). All other con-
structs (7.1, 7.6, 22.1, 1.5, #1) are truncated versions of the upstream region neither
including exon 1 nor intron 1. Only constructs A1 and 0.5 contain exon 1 and parts
of intron 1 sequences. The numerical legend denotes nucleotides upstream (−) or
downstream (+) from the transcriptional start site (+1) in exon 1 of Odf2/1. Predicted
AP-1 binding sites are marked by asterisks.4. Discussion
ODF2/Cenexin is a centrosome/basal body protein in vertebrates
[9] and locates at the centrosome throughout the cell cycle (Fig. 2).
Although its transcriptional activity in cycling cells is very low, quan-
titative RT-PCR revealed that Odf2 is twofold up-regulated in cultured
mouse ﬁbroblast cells that are driven into G0-phase by serum star-
vation compared to G1/S-phase or G2/M-phase arrested cells. There
is essentially no difference in transcription level of Odf2 in G1/S-
and G2/M-phase arrested cells. So far, there is only one report
demonstrating cell cycle dependent transcription of Odf2 and its
up-regulation at G2/M-phase [52]. Since Whitﬁeld et al. analyzed
the periodically transcription in the HeLa cell cycle (by exclusion of
the G0-phase) up-regulation of Odf2 at G2/M-phase could be speciﬁc
for this human tumor cell line.
Analyses of the promoter region of the mouse Odf2 gene demon-
strated that approximately 1.8 kb upstream of the transcriptional
start site along with the ﬁrst exon and the ﬁrst intron of the Odf2 gene
(promoter construct 2.2) is sufﬁcient to drive reporter gene transcrip-
tion essentially identical to the endogenous Odf2 with about twofold
up-regulation in G0-phase. Reporter gene assays, however, additionally
revealed that transcription is about twice in G2/M-phase arrested
cells compared to those in G1/S-phase. This result therefore supported
the data of Whitﬁeld [52] that showed G2/M-phase dependent
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Fig. 6. Cell cycle dependent activity of Odf2 promoter 2.2. NIH3T3 cells were synchro-
nized to yield G0-, G1/S-, and G2/M-phase cells. 24 h prior to luminescence measure-
ment cells were co-transfected with Odf2 promoter 2.2 (−1805/+358) driving ﬁreﬂy
luciferase, and phRL-SV40 as internal control. As control for general promoter activity,
synchronized cells were co-transfected with the control vector pGL3 basic (ﬁreﬂy lucifer-
ase under the control of SV40 promoter) and phRL-SV40 (control). The relative lumines-
cencewas calculated and related to the relative luminescence of the control experiment in
each individual cell cycle phase thatwas set as 1 (100%). The relative luminescence ofOdf2
promoter activity was then calculated as fold change related to the control experiment in
the same cell cycle phase. Standard deviations are included.
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low transcription rate of endogenous Odf2 in NIH3T3 cells thus might
hamper the detection of a periodically transcriptional increase by
qRT-PCR. The low transcriptional activity of the Odf2 promoter was
also prominent in the reporter gene assay. Compared to the control vec-
tor pGL3 control (Promega), in which the reporter ﬁreﬂy luciferase is
under the control of the SV40 promoter, the activity of ﬁreﬂy luciferase
driven by theOdf2 promoter 2.2 (−1805/+358) is roughly of one-third
only (not shown). The Odf2 promoter 2.2 furthermore drives the
expression of an ODF2 fusion to destabilized EGFP (Odf2 promoter
2.2–13.8NC-d2GFP). The fusion protein was detected in G1/S-phase
cells at the centrosome, and in G0-phase cells at the basal body and
the primary cilium. Location to the primary cilium might be caused by
either overexpression of the fusion protein or by improved detection
since endogenous ODF2 could not be found in the primary cilium
(unpublished). However, we did not found the fusion protein in
G2/M-phase cells. Since the destabilized EGFP contains a PEST degrada-
tion domain at its C-terminus the fusion protein is rapidly turned over
inmammalian cell culture with a half-life of 2 h only (Promega). Detec-
tion of the fusion protein thus points to a continuous translation in
G1/S-, and G0-phase cells. The absence of the fusion protein in
G2/M-phase cells however might indicate a delay in translation and
hence translation regulation during G2/M-phase.
Reporter gene assays using Odf2 promoter deletion constructs
revealed that the basal promoter is immediately upstream of the
transcriptional start in exon 1 (up to −94) and further upstream
sequences repress the basal promoter activity. Additionally, the con-
struct comprising 1.8 kb of the upstream region in conjunction with
exon 1 and intron 1 (Odf2 promoter 2.2) has all necessary regulatory
sequences to drive expression essentially identical as the endogenous
promoter. Promoter constructs that missed exon 1 and intron 1 se-
quences (Odf2 promoter constructs 1.5 and #1) showed a reduction
in transcriptional activity to about 60% and 30%, respectively, com-
pared to construct 2.2. Exon 1 and intron 1 sequences therefore com-
prise important regulatory sequences for transcriptional activation.
The putative basal Odf2 promoter in between −1 and −94 has
two predicted USF binding sites (with scores of 85.0 and of 86.8),one AP1-site (score 85.6), one CdxA site (score 89.7), and two Sp1
sites (with scores of 89.0 and of 94.5) using TFSEARCH (ver. 1.3).
In silico analyses of extended human core promoter regions covering
[−70, +60] segment relative to the transcription start site have
shown that the most common promoter elements found include
E2F-1, AP-2, and CdxA among others [53]. Moreover, using
TFSEARCH (ver. 1.3) we found two predicted E2F binding sites, one
in intron 1, and the other upstream of −94 (both with scores
of 86.2). One putative c-Myc binding site (score 86.8) was found at
−1368 to −1675. Additionally, further Sp1 binding sites were pre-
dicted: three in intron 1 with scores of 87.7 and of 90.4, one in exon
1 (score of 91.8), and two upstream of −94 with scores of 87.7 and
86.3. A putative TATA box with a score of 87.1 was found upstream
of the predicted basal promoter [−1 to −94] at position −422 to
−437. E2F transcription factors are essential for the initiation of
S-phase in regulating the activation of genes whose products are im-
plicated in cell proliferation and DNA replication [54]. The E2F family
members are divided into two subgroups based on the fact that E2F1,
E2F2, and E2F3 are all capable of inducing S-phase in serum-starved
ﬁbroblasts, but E2F4 and E2F5 are not [54,55]. It has also been demon-
strated that centrosome duplication requires the activation of E2F
transcription factors and Cdk2-cyclin A activity [56]. Since ODF2 is a
component of centrosomes its transcriptional activation by E2F TFs
could be envisioned. C-Myc is necessary to induce and maintain cell
proliferation (for review see: [57]), and therefore might also affect
the transcription of genes encoding centrosomal proteins. Transcrip-
tion factor Sp1 binds selectively to GC-rich sequences, known as the
“GC box”, that are recurring motifs in promoters of mammalian
genes, and regulates the expression of a vast number of genes. Sp3
is one of several closely related, but distinct, factors [58]. Sp1 has
been described as a transcriptional activator as well as a represssor
depending on the promoter it binds to and its binding partners [59].
Overexpression or overactivation of Sp1 has been reported for a
number of cancers suggesting that Sp1 activity plays a critical role
in tumor formation or in late stage carcinogenesis. For example, Sp1
activity is increased in breast carcinoma that is also characterized
by overexpression of Odf2 ([60,61]; http://www.oncomine.org/).
However, reporter gene assays using Odf2 promoter construct 2.2
(−1805/+358) demonstrated that neither anyone of these TFs nor
RFX3 or FOXJ could activate the promoter in cycling cells. Since neg-
ative regulation by E2F transcription factors has also been reported
[54,62,63], the possibility that E2F TFs might be involved in the tran-
scriptional repression of the Odf2 promoter has to be considered. Our
reporter gene assays indeed indicate a repressive function of c-Myc,
E2F and Sp TFs on Odf2 promoter activity (supplementary Fig. S2).
Although transcriptional activity of Odf2 is generally low in cycling
cells, we found signiﬁcant up-regulation in quiescent mouse ﬁbro-
blasts that have been driven into G0-phase by serum starvation.
Serum starvation is widely used to induce the formation of primary
cilia [14]. Therefore, the transcriptional activation of genes involved
in primary cilia formation, as e.g. Odf2, in G0-phase ﬁts very well.
The requirement of serum reduction to induce transcription of Odf2,
furthermore suggested that either repressors are then no longer pres-
ent at the Odf2 promoter, or their function is overcome by activators.
By co-expression of either c-Jun or c-Jun and MEKK1 in cycling cells
we found that the Odf2 promoter becomes strongly activated (up to
2 fold). C-Jun is a component of the activating protein-1 family
(AP-1) of transcription factors that controls the expression of numer-
ous target genes. The transcriptional activity of c-Jun is stimulated
by c-Jun N-terminal kinases (JNK) mediated phosphorylation. The
most potent JNK-activating kinase is MEKK1 that itself is activated
by several stress signals [64]. We also observed that overexpression
of MEKK1 without concurrent overexpression of c-Jun strongly
repressed the Odf2 promoter indicating the activation of transcrip-
tional repressors. However, the signiﬁcant up-regulation of Odf2 tran-
scription by MEKK1/c-Jun overexpression suggested that activation of
Fig. 7. Expression of ODF2 fused to destabilized GFP driven by the Odf2 promoter 2.2 (construct 2.2–13.8NC-d2GFP) in synchronized NIH3T3 cells. The fusion protein was visible
by GFP auto-ﬂuorescence (in green). The centrosome was detected by anti-γ-tubulin staining (in red), whereas the basal body and the primary cilium are detected by anti-
acetylated-tubulin staining (in red). Nuclear counterstaining with DAPI (in blue). Overlay of all images (merge).
1344 N. Pletz et al. / Biochimica et Biophysica Acta 1833 (2013) 1338–1346the stress signaling pathway is involved in the expression of ciliary
genes.
Another component of the AP-1 family of transcription factors is
c-Fos. c-Fos is activated by ERK-mediated phosphorylation. The extra-
cellular signal-regulated kinase (ERK) pathway is stimulated by
serum and growth factors leading to phosphorylation of substrates0
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Fig. 8. Transcriptional activation of Odf2 by C/EBPα and by the stress response pathway
(JNK). Co-transfection of expression vectors for C/EBPα, c-jun, Fos or/and MEKK, the
Odf2 reporter vector (2.2pGL3), and phRL-SV40 into cycling. UO126 was used to inhibit
MEK1/2. The ratios between luminescences of 2.2pGL3 and phRL-SV40 were calculated
to obtain the relative luminescences. The values obtained were related to the relative
luminescence of the control experiment (exclusively 2.2pGL3/phRL-SV40) which was
set as 1. Standard deviations are shown. For calculation of statistical signiﬁcances the
paired two sided t-test was used (*p b 0.05; **p b 0.01; ***p b 0.005).via MEK1/2 and ERK [65,66]. However, overexpression of c-Fos obvi-
ously did not affect Odf2 transcription suggesting that it is not
involved in AP-1 mediated transcriptional activation. Inhibition of ERK
pathway by the potent MEK1/2 inhibitor UO126 signiﬁcantly down
regulated Odf2 transcription in cycling cells indicating the requirement
of serum induced ERK pathway activation for the maintenance Odf2
expression in proliferating cells.
Furthermore, we found the CCAAT/enhancer binding protein
C/EBPα to activate Odf2 transcription. The C/EBP family of transcription
factors has key roles in controlling cellular proliferation and differentia-
tion. C/EBPα speciﬁcally seems to have antiproliferative effects [67–69].
Our results thus suggest that C/EBPα not only promotes cell cycle exit
but additionally supports ciliogenesis by activation of ciliary genes.
In summary, we have identiﬁed C/EBPα and the JNK stress response
pathway as transcriptional activators ofOdf2 suggesting,more generally,
their involvement in transcriptional control of cilia formation.
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